Neural regulation of energy expenditure is incompletely understood. By genetically disrupting GABAergic transmission in a cell-specific fashion, and by combining this with selective pharmacogenetic activation and optogenetic mapping techniques, we have uncovered an arcuate-based circuit that selectively drives energy expenditure. Specifically, mice lacking synaptic GABA release from RIP-Cre neurons have reduced energy expenditure, become obese and are extremely sensitive to highfat diet-induced obesity, the latter due to defective diet-induced thermogenesis. Leptin's ability to stimulate thermogenesis, but not to reduce feeding, is markedly attenuated. Acute, selective activation of arcuate GABAergic RIP-Cre neurons, which monosynaptically innervate PVH neurons projecting to the NTS, rapidly stimulates brown fat and increases energy expenditure but does not affect feeding. Importantly, this response is dependent upon GABA release from RIP-Cre neurons. Thus, GABAergic RIP-Cre neurons in the arcuate selectively drive energy expenditure, contribute to leptin's stimulatory effect on thermogenesis, and protect against diet-induced obesity.
INTRODUCTION
Neural circuits operating within and extending beyond the hypothalamus regulate food intake and energy expenditure. Proopiomelanocortin (POMC)-expressing neurons and adjacent agouti-related peptide (AgRP)-expressing neurons, both located in the arcuate nucleus (ARC) of the hypothalamus, are key components of this circuitry. The ARC also contains many other neurons that express neither POMC nor AgRP (i.e., non-POMC, non-AgRP neurons). Due to their location in the ARC, these could also regulate energy balance. A subset of these ''non-POMC, non-AgRP'' neurons has clear neuroendocrine functions, such as those expressing kisspeptin, growth hormone-releasing hormone, or dopamine. ''Non-POMC, nonAgRP'' neurons whose function is something other than neuroendocrine also likely exist. These neurons, like POMC and AgRP neurons, could be additional, important regulators of energy balance.
In Rip-Cre transgenic mice (Postic et al., 1999) , the rat insulin-2 (Ins2) promoter drives cre expression in both pancreatic b cells and the brain Wicksteed et al., 2010) . Neurons expressing cre activity, hereafter referred to as ''RIP-Cre neurons,'' are distributed in many hypothalamic sites, including the ARC. Within the ARC, RIP-Cre neurons are intermingled with, but are distinct from, POMC and AgRP neurons (Choudhury et al., 2005) . Deletion of various loxed alleles in Rip-Cre mice, often with the initial intent of manipulating gene expression in pancreatic b cells, has marked effects on energy balance (Chakravarthy et al., 2007; Choudhury et al., 2005; Covey et al., 2006; Kubota et al., 2004; Lin et al., 2004; Mori et al., 2009) . It is generally believed that this is secondary to altered function of RIP-Cre neurons as opposed to pancreatic b cells. Notably, disruption of leptin signaling in Rip-Cre transgenic mice causes obesity (Covey et al., 2006) . Because RIP-Cre neurons are found in many locations in the brain, the specific subgroup of RIP-Cre neurons responsible for regulating energy balance is unknown. Similarly, the relevant neurotransmitter(s) and downstream circuitry are likewise unknown.
Synaptic transmission via glutamate and GABA are critical components of the hypothalamic circuitry regulating energy balance (Cowley et al., 2001; Liu et al., 2012; Pinto et al., 2004; Tong et al., 2008; van den Pol, 2003; Vong et al., 2011; Wu et al., 2009; Yang et al., 2011) . Consequently, it is of interest to establish if synaptic release of glutamate or GABA, specifically by RIP-Cre neurons, regulates energy balance. For the purpose of addressing such questions, we previously generated mice with loxed alleles of the vesicular glutamate transporter 2 (VGLUT2, required for synaptic release of glutamate from hypothalamic neurons) and the vesicular GABA transporter (VGAT, required for synaptic release of GABA from GABAergic neurons) (Tong et al., 2007 (Tong et al., , 2008 . In the present study, we have deleted Vglut2 and Vgat specifically from RIP-Cre neurons. This has uncovered a critical role for synaptic release of GABA, but not glutamate, from RIP-Cre neurons, in selectively stimulating energy expenditure. Using pharmacogenetic techniques (Alexander et al., 2009; Krashes et al., 2011) , we go on to establish that RIP-Cre neurons located specifically in the ARC drive this effect. Finally, using channelrhodopsin-assisted circuit mapping (Atasoy et al., 2008; Petreanu et al., 2007) , we identify the downstream circuitry selectively engaged by ARC RIP-Cre neurons.
RESULTS

Neuronal Expression of Cre Recombinase in Rip-Cre Transgenic Mice
Rip-Cre transgenic mice were crossed with cre-dependent green fluorescent protein (GFP) reporter mice (Novak et al., 2000) to generate Rip-Cre, lox-GFP mice, and immunohistochemistry for GFP was performed. GFP-positive neurons (i.e., RIP-Cre neurons) were primarily found in the hypothalamus and occasionally in the cortex and striatum ( Figure 1A ; see Table S1 available online). Within the hypothalamus, GFP-positive neurons were observed in the ARC, the ventromedial hypothalamus (VMH), the medial tuberal nucleus (MTu), the suprachiasmatic nucleus (SCN), and the dorsomedial hypothalamus (DMH). These observations are consistent with previous reports by Choudhury et al. . In situ hybridization studies for Vgat mRNA were then performed to assess for GABAergic neurons and also for sites where the Rip-Cre transgene disrupts Vgat expression.
In Vgat flox/flox control mice, Vgat mRNA signal was detected in sites known to contain GABAergic neurons. With regard to sites shown in Figure 1B , these include, within the hypothalamus, the ARC, DMH and MTu; and beyond the hypothalamus, the central amygdala (CeA) and the reticular nucleus of thalamus (RT). In Rip-Cre, Vgat flox/flox mice ( Figure 1C) Figure 1D ). Vgat mRNA was undetectable in both control and Rip-Cre, Vgat flox/flox pancreatic islets ( Figure 1E ), whereas, as noted above, using the identical assay, Vgat mRNA was readily detected in the hypothalamus ( Figure 1D ). Confirming the intact nature of pancreatic islet RNA, Ucp2, a gene expressed in islets (Zhang et al., 2001) , was readily detected in the same samples ( Figure 1E Figure 2A ) and, at 3 months of age, markedly increased fat stores ( Figure 2B ). Lean body mass, on the other hand, was unchanged (data not shown). The possible causes of positive energy balance were then assessed in 2-month-old animals. Food intake ( Figure 2C ) and locomotor activity ( Figure 2D ) were found to be unchanged. Obesity, in the face of normal food intake, strongly implicates reduced energy expenditure in Rip-Cre, Vgat flox/flox mice. This was confirmed by direct assessments of energy expenditure. Oxygen consumption was markedly reduced in Rip-Cre, Vgat flox/flox mice, and this was apparent when data were expressed per body weight ( Figure 2E ) or per animal ( Figure 2F ). Thus, obesity in Rip-Cre, Vgat flox/flox mice is due entirely to a selective reduction in energy expenditure. We next analyzed brown adipose tissue (BAT), a well-established mediator of thermogenesis (Cannon and Nedergaard, 2004) . Interscapular BAT (iBAT) of Rip-Cre, Vgat flox/flox mice was markedly enlarged and pale in comparison with that from control littermates. As shown in Figure 2G , BAT from Rip-Cre, Vgat flox/flox mice contained larger cells with unilocular triglyceride deposits, similar to that observed in animals with defective sympathetic activation of BAT (Bachman et al., 2002) . As assessed by biotelemetry probes implanted subcutaneously in the interscapula fossa beneath iBAT (Enriori et al., 2011) , iBAT temperature, an index of BAT thermogenesis, was reduced in Rip-Cre, Vgat flox/flox mice ( Figure 2H ). In contrast, subcutaneous temperature of a flank site devoid of BAT was similar in the two groups ( Figure S1A ). Finally, expression of Ucp1 mRNA, which encodes the BAT-specific thermogenic molecule, uncoupling protein 1, was significantly lower in Rip-Cre, Vgat flox/flox mice ( Figure 2I ). These results indicate that GABA release from RIP-Cre neurons regulates BAT thermogenic function and suggest that decreased BAT activity is, at least in part, responsible for reduced energy expenditure in Rip-Cre, Vgat flox/flox mice.
Given that Rip-Cre transgenic mice express cre in some SCN neurons ( Figure S1B ) and that virtually all SCN neurons are GABAergic ( Figure S1C ), Rip-Cre, Vgat flox/flox mice could have altered circadian regulation, which could in turn affect energy balance (Bass and Takahashi, 2010) . To address this possibility, body temperature (Tb), a reliable indicator of circadian clock activity (Fuller et al., 2008) , was measured using implanted biotelemetry. As shown in Figures S1D to as diet-induced thermogenesis, plays an important role in resisting diet-induced obesity (Bachman et al., 2002) . To determine if GABAergic RIP-Cre neuron-driven energy expenditure is involved in this adaptive response, Rip-Cre, Vgat flox/flox mice and control animals were fed a high-fat, high-sucrose diet (HFD) from between 6 and 26 weeks of age. As shown in Figure 3A , compared to control mice, Rip-Cre, Vgat flox/flox mice developed massive obesity. Of interest, this diet-induced obesity was not caused by increased food intake ( Figure 3B ), strongly implicating impaired diet-induced thermogenesis. To directly assess this, oxygen consumption was measured during the transition from chow to HFD (3 days on chow followed by 3 days on HFD) in 7-week-old mice (note, body weight is normal at this early age). As shown in Figure 3C , oxygen consumption of Rip-Cre,Vgat flox/flox mice, on both chow and HFD, was markedly lower than that observed in control animals. Importantly, whereas HFD increased energy expenditure by 7%-12% in control mice, this response was markedly blunted in Rip-Cre, Vgat flox/flox mice (increased by only 3%-5% in response to HFD). In addition, HFD-treated Rip-Cre,Vgat flox/flox mice (6 months old and 20 weeks on HFD) exhibited reduced Ucp1 mRNA expression in BAT ( Figure 3D ). In summary, RipCre, Vgat flox/flox mice are extremely sensitive to diet-induced obesity, and this is due entirely to a defect in diet-induced thermogenesis.
Effects of Leptin Treatment in Mice Lacking VGAT in RIP-Cre Neurons
Genetic deletion of leptin receptors (LEPRs) from RIP-Cre neurons causes marked obesity without affecting food intake (Covey et al., 2006) , suggesting a defect in energy expenditure.
Given that Rip-Cre,Vgat flox/flox mice also have defective energy expenditure, this raises the possibility that GABA release from RIP-Cre neurons mediates leptin's effects on energy expenditure. To test this, changes in body weight and food intake were monitored following injection of saline or leptin.
In control mice, treatment with leptin reduced body weight (Figures 4A and 4B) and food intake ( Figures 4C and 4D ). Of note, whereas the ability of leptin to reduce food intake in Rip-Cre,Vgat flox/flox mice was completely intact ( Figure 4D ), its ability to reduce body weight was markedly attenuated ( Figure 4B ). Attenuation of body weight loss in the face of intact inhibition of food intake indicates that leptin's ability to increase energy expenditure is impaired in Rip-Cre, Vgat flox/flox mice. To directly assess leptin action on energy expenditure, in particular, in stimulating BAT activity, iBAT temperature and Ucp1 mRNA were measured. In control mice, leptin but not saline dramatically and rapidly increased the temperature of iBAT (as previously described by Enriori et al., 2011) (Figures 4E and 4F) , but not the temperature of a subcutaneous flank site devoid of BAT ( Figures S3A and S3B ). Leptin also markedly increased Ucp1 mRNA levels ( Figure 4G ). Of note, these stimulatory effects of leptin on iBAT temperature and Ucp1 mRNA levels were attenuated in Rip-Cre,Vgat flox/flox animals ( Figures 4E-4G ). Thus, GABA release from RIP-Cre neurons is required for leptin to fully stimulate energy expenditure, but not for leptin to inhibit feeding. To determine which subset of RIP-Cre neurons in the hypothalamus expresses LEPRs, leptin-induced phosphorylation of STAT3 (Tyr705, pSTAT3), a marker for LEPR activity (Mü nzberg et al., 2004) , was assessed in Rip-Cre, lox-GFP mice. The neurons double positive for pSTAT3 and RIP-Cre activity were mainly observed in the ARC and the VMH ( Figures 4H, 4I , and S3C-S3N). The DMH, which contained both RIP-Cre neurons and pSTAT3-positive neurons, exhibited negligible colocalization ( Figures 4I and S3I-S3K ). Because VMH neurons are glutamatergic and not GABAergic (Vong et al., 2011) , all leptinresponsive, GABAergic RIP-Cre neurons appear to be located in the ARC. Collectively, given the aforementioned observations, it is likely that GABAergic RIP-Cre neurons in the ARC mediate leptin's stimulatory effect on energy expenditure.
Pharmacogenetic Activation of RIP-Cre Neurons in the ARC
To directly test the ability of ARC RIP-Cre neurons to drive energy expenditure, we used the pharmacogenetic approach referred to as designer receptors exclusively activated by designer drugs (DREADD). The stimulatory DREADD, hM3Dq, is activated by the otherwise inert, brain-penetrable compound, clozapine-N-oxide (CNO) (Alexander et al., 2009 ). The cre- dependent adeno-associated virus, AAVFlex-hM3Dq-mCherry (Krashes et al., 2011) , was stereotaxically injected into the ARC of 3-to 4-week-old Rip-Cre transgenic mice ( Figure 5A ), and studies were performed 2-3 weeks after injection. Brain slice electrophysiology studies confirmed that CNO depolarizes and increases the firing rate of hM3Dq-expressing RIP-Cre neurons (
Figure 5B mice and was absent in the ARC of Vgat flox/flox mice (because these mice lack cre activity that enables hM3Dq expression) ( Figure 5C ). When CNO was injected in vivo, c-fos immunoreactivity was markedly increased in the ARC of Rip-Cre mice and Rip-Cre, Vgat flox/flox mice, but not in the ARC of Vgat flox/flox mice (Figure 5D ). Thus, in vivo treatment with CNO activates hM3Dq-expressing RIP-Cre neurons in the ARC.
To assess effects on energy expenditure, virus-injected animals were housed individually in metabolic cages, and oxygen consumption was monitored following injection with saline or CNO. After an acclimation period, each mouse was injected with saline on the first day followed by CNO on the second day. Selective activation of ARC RIP-Cre neurons with CNO rapidly increased oxygen consumption ( Figure 5F ), and this effect lasted for approximately 9 hr. Importantly, CNO had no effect on oxygen consumption in Rip-Cre, Vgat flox/flox mice ( Figure 5G ), which are notable for their inability to release GABA. Similarly, CNO had no effect on oxygen consumption in control mice (i.e., Vgat flox/flox mice), which do not express hM3Dq ( Figure 5E ). Remarkably, and consistent with our earlier findings suggesting that GABAergic RIP-Cre neurons selectively control energy expenditure, food intake was unaltered by CNO treatment ( Figure S4B ). We next assessed BAT activity during stimulation of ARC RIP-Cre neurons. In Rip-Cre mice, CNO significantly increased iBAT temperature ( Figure 5I ), but not subcutaneous flank temperature ( Figure S4C ), and also markedly increased Ucp1 mRNA ( Figure 5L ). CNO did not stimulate iBAT temperature or Ucp1 mRNA in Vgat flox/flox mice (which do not express hM3Dq) or in Rip-Cre, Vgat flox/flox mice (which are unable to release GABA) ( Figures 5H, 5J , 5K, and 5M). These results demonstrate that synaptic GABA release from ARC RIPCre neurons selectively stimulates BAT activity and energy expenditure.
Electrophysiologic Effects of Leptin on ARC RIP-Cre Neurons
Whole-cell current-clamp recordings were performed as previously described by Dhillon et al. (2006) were excited (depolarized membrane potential and increased firing rate), 35% (7 of 20) were inhibited (hyperpolarized membrane potential and decreased firing rate), and 35% (7 of 20) were not affected by leptin. As discussed in the following section, the paraventricular hypothalamus (PVH) is the likely downstream site that mediates the thermogenic effects of GABAergic ARC RIP-Cre neurons. To assess the effects of leptin on PVH-projecting ARC RIP-Cre neurons, retrograde red fluorescent beads were stereotaxically injected into the PVH of Rip-Cre, lox-GFP mice ( Figures S5A and S5B ). Retrogradely transported beads were observed in sites known to innervate the PVH, including the ARC, DMH, SCN, nucleus of the solitary tract (NTS), and posterodorsal medial amygdala (MEpd) (data not shown). In the ARC, 62% (194 of 312) of RIP-Cre neurons contained red beads ( Figure S5C ). Recordings were then performed on PVH-projecting (GFP + /beads + ) and in non-PVH-projecting (GFP + /beads À ) ARC RIP-Cre neurons. Ionotropic glutamate (kynurenate) and GABA (PTX) receptor blockers were added to minimize indirect effects of leptin. As shown in Figure S5D , 9 of 15 PVH-projecting ARC RIP-Cre neurons were directly excited by leptin, 6 of 15 were unaffected by leptin, See also Figure S6 and Table S2. and 0 of 15 were inhibited by leptin. In contrast, 0 of 12 non-PVH-projecting ARC RIP-Cre neurons were excited by leptin, 9 of 12 were unaffected by leptin, and 3 of 12 were directly inhibited by leptin ( Figure S5E ). Thus, leptin excites the majority of PVH-projecting ARC RIP-Cre neurons.
Downstream Neurocircuitry Engaged by ARC RIP-Cre Neurons
We next used channelrhodopsin2 (ChR2)-assisted circuit mapping (Atasoy et al., 2008; Petreanu et al., 2007) to identify proximal downstream neurons that could mediate stimulation of energy expenditure by GABAergic ARC RIP-Cre neurons. A virus that conditionally expresses ChR2-mCherry fusion protein (AAV-Flex-ChR2 (H134R)-mCherry) (Zhang et al., 2007) in the presence of cre recombinase was unilaterally injected into the ARC of 3-to 4-week-old Rip-Cre mice ( Figure 6A ). Mice were studied 2-3 weeks after injection. Expressed ChR2 was functional as evidenced by light-evoked action potentials in RIP-Cre neurons ( Figures 6B  and S6A-S6C ). mCherry-positive dendrites and soma were abundantly and exclusively detected in the ARC (Figures 6C  and 6D ). mCherry-expressing axons were primarily observed in the PVH ( Figure 6E ). By comparison, much less abundant, scattered mCherry-expressing axons were seen in the DMH, the bed nuclei of the stria terminalis (BST), and the medial preoptic area (MPO) ( Figure 6E ; Table S2 ). Thus, the PVH is the dominant target of ARC RIP-Cre neurons. This is of interest because it has been suggested that release of GABA in the PVH stimulates BAT thermogenesis (Madden and Morrison, 2009) .
To determine if GABAergic RIP-Cre neurons are functionally, synaptically connected to PVH neurons, inhibitory postsynaptic currents (IPSCs) were assessed in PVH neurons following illumination of ChR2-expressing RIP-Cre terminals. Light-driven IPSCs were reliably evoked in a small subset of randomly selected PVH neurons that were surrounded by mCherry fluorescent terminals (2 out of 14), and these were completely blocked by bicuculline, a GABA A receptor antagonist (Figure 6F) . The latency between onset of light and onset of IPSC in these two neurons was 1.2 and 2.3 ms. The low frequency of responders (i.e., 2 out of 14) likely relates to complexity within the PVH, which is composed of numerous subsets of functionally distinct neurons (Biag et al., 2012; Simmons and Swanson, 2009) . As explained below, we have used site of projection to enrich for PVH neurons likely to control energy expenditure and, therefore, likely to receive monosynaptic input from GABAergic RIP-Cre neurons. Given that the NTS receives abundant projections from the PVH (Geerling et al., 2010) , contains neurons in polysynaptic contact with BAT (Bamshad et al., 1999; Cano et al., 2003; Oldfield et al., 2002) , is known to regulate sympathetic outflow (Spyer, 1994) , and inhibit BAT function (Cao et al., 2010) , we hypothesized that PVH neurons projecting to the NTS drive RIP-Cre neuron-mediated energy expenditure. To test if NTS-projecting PVH neurons receive monosynaptic input from GABAergic ARC RIP-Cre neurons, dual-injection studies were performed as illustrated in Figure 7A , with AAV-Flex-ChR2(H134R)-mCherry virus injected into the ARC and retrograde green fluorescent beads injected into the NTS of Rip-Cre mice. Histologic studies confirmed injection of beads into the NTS and, unavoidably, the nearby dorsal motor nucleus of the vagus nerve (DMV) ( Figure S7A ). Correct targeting of the NTS is further confirmed by the presence of retrogradely transported beads in sites known to project to the NTS, including the PVH, lateral hypothalamus, CeA, and dorsal raphe (Geerling and Loewy, 2006; Saper et al., 1976; Sawchenko and Swanson, 1982) (Figure S7B ). As expected, PVH neurons labeled by NTS-injected beads are not neuroendocrine cells as evidenced by their lack of colabeling following peripheral administration of the retrograde tracer, Fluoro-Gold, which is taken up by median eminence-and posterior pituitary-projecting neurons (Luther et al., 2002) (Figure S7C ).
In agreement with previous results from Biag et al. (2012) , retrogradely transported beads were found in the ventral zone of the medial parvicellular part of the PVH (PVHmpv) ( Figure 7B ). Notably, ChR2-mCherry-expressing ARC RIP-Cre fibers were found commingling with bead-positive neurons in the PVHmpv ( Figure 7B ). Light-evoked IPSCs were then assessed in bead + or adjacent bead À PVH neurons. Light-evoked IPSCs were observed in most (19 of 23) bead + PVH neurons, i.e., neurons that project to the NTS ( Figure 7C ). The latency between onset of light and onset of IPSC was 3.4 ± 1.5 ms (mean ± SD, 19 neurons). In contrast, light failed to evoke IPSCs in nearly all (13 of 14) bead À PVH neurons ( Figure 7D ). Thus, GABAergic ARC RIP-Cre neurons are selectively connected to NTS-projecting PVH neurons.
To test the specificity of NTS-projecting PVH neurons with respect to afferent input, we next determined if AgRP neurons, like RIP-Cre neurons, provide monosynaptic input. AgRP neurons are a useful comparator because, like RIP-Cre neurons, they release GABA, originate in the arcuate, and project to the PVH, but in striking contrast with RIP-Cre neurons, AgRP neurons inhibit energy expenditure (Krashes et al., 2011) , and in addition, they also stimulate food intake (Aponte et al., 2011; Krashes et al., 2011) . Connectivity between AgRP neurons and NTS-projecting PVH neurons was determined using similar methods to those described above except that Agrp-ires-Cre mice (Tong et al., 2008) were used to enable ChR2 expression ( Figure 7E ). Expressed ChR2 was functional as evidenced by light-evoked action potentials in AgRP neurons ( Figure S7D ). Consistent with previous reports (Cone, 2005) , ChR2-mCherryexpressing AgRP fibers were found to heavily innervate the PVH and to commingle with bead-positive neurons in the PVHmpv ( Figure 7F ). However, unlike the situation with RIPCre neuron ChR2-assisted circuit mapping, light-evoked IPSCs were absent in all (16 of 16) bead + PVH neurons, i.e., neurons that project to the NTS ( Figure 7G ). In contrast, light-evoked IPSCs were observed in two out of nine bead À PVH neurons ( Figure 7H) , with a latency between onset of light and IPSC in these two neurons of 3.5 and 5.7 ms. Afferent control of NTS-projecting PVH neurons by RIP-Cre but not AgRP neurons is consistent with the opposite and different functions of these two arcuate neurons and demonstrates the specificity of the ARC RIP-Cre neuron / NTS-projecting PVH neuron connection.
The neural pathway by which NTS neurons regulate sympathetic outflow to BAT has yet to be established. To address this, we tested for connections between the NTS and the raphe pallidus (RPa), a physiologically important hindbrain site where numerous BAT sympathetic preautonomic neurons are located (Morrison and Nakamura, 2011) . Retrograde beads were stereotaxically injected into the RPa of Vgat-ires-Cre, lox-tdTomato reporter mice (to allow for identification of GABAergic neurons; Vong et al., 2011) (Figure 7I) . Consistent with previous studies by Hermann et al. (1997) and Yoshida et al. (2009) , RPa-projecting neurons were found to be located in the MPO, DMH, PAG, DR, and NTS ( Figures S7E-S7G ). Of note, 68 of the 143 RPa-projecting NTS neurons were GABAergic, as evidenced by colocalization of beads with tdTomato ( Figure 7J ). In contrast, few or no GABAergic RPaprojecting neurons were detected in other sites (MPO, DMH, PAG, and DR) ( Figure S7H ). Thus, the NTS sends dense projections to the RPa, and notably, GABAergic input to the RPa comes predominantly from the NTS. ChR2-assisted circuit mapping was then used to confirm a GABAergic NTS / RPa synaptic connection. AAV-Flex-ChR2(H134R)-mCherry virus was injected into the NTS of Vgat-ires-Cre mice ( Figure 7K) , and the activity of ChR2 within NTS GABAergic neurons was functionally verified ( Figure 7L ). Light-evoked IPSCs were then assessed in randomly selected RPa neurons. Of note, lightevoked IPSCs were detected in five out of eight RPa neurons ( Figure 7M) , with a latency between onset of light and IPSC of 3.1 ± 1.6 ms (mean ± SD, five neurons), and these were completely blocked by bicuculline (data not shown).
DISCUSSION
RIP-Cre neurons regulate energy balance (Chakravarthy et al., 2007; Choudhury et al., 2005; Covey et al., 2006; Kubota et al., 2004; Lin et al., 2004; Mori et al., 2009) ; however, because RIP-Cre neurons are located in many sites, the neurocircuit basis for this has been unknown. To address this, we undertook a multistep approach. By deleting VGAT and VGLUT2 from RIP-Cre neurons, we established that release of GABA, but not glutamate, from RIP-Cre neurons regulates energy balance. Remarkably, this regulation was specific for energy expenditure; food intake was entirely unaffected. Building on this, we hypothesized that GABAergic RIP-Cre neurons located specifically in the ARC mediate this effect. Using a pharmacogenetic approach to test this, we selectively stimulated arcuate RIPCre neurons and found that this markedly increased energy expenditure; again, without any effect on food intake. Notably, pharmacogenetic stimulation of energy expenditure was entirely dependent upon release of GABA. These studies establish that synaptic release of GABA from arcuate RIP-Cre neurons selectively drives energy expenditure.
We then used ChR2-assisted circuit mapping to anatomically and functionally identify downstream neurons receiving synaptic GABAergic input from arcuate RIP-Cre neurons. We observed that arcuate RIP-Cre neurons project heavily and predominately to the PVH. This is notable because it has been proposed that GABAergic input to the PVH stimulates sympathetic outflow and BAT-mediated energy expenditure (Madden and Morrison, 2009) . Importantly, PVH neurons, specifically those that project to the NTS in the brainstem, a site known to regulate energy expenditure (Cao et al., 2010) , receive monosynaptic GABAergic input from arcuate RIP-Cre neurons. In summary, these studies have uncovered an ARC-initiated neurocircuit that selectively drives energy expenditure.
Selective Regulation of Energy Expenditure
The ability of arcuate RIP-Cre neurons to regulate energy expenditure, without affecting food intake, is noteworthy. It is seen following genetic deletion of Vgat (Figures 2 and 3) and Lepr (Covey et al., 2006) in RIP-Cre neurons and, importantly, also following acute pharmacogenetic stimulation of RIP-Cre neurons ( Figure 5 ). The selectivity of arcuate RIP-Cre neurons for energy expenditure is remarkable because other arcuate neurons, for example AgRP and POMC neurons, coordinately regulate both food intake and energy expenditure. This unique feature of arcuate RIP-Cre neurons is important because it provides a scheme for experimentally approaching forebrain control of energy expenditure. Specifically, neurons receiving GABAergic output from arcuate RIP-Cre neurons are likely to play important roles in regulating energy expenditure, but not food intake. In the present study, as will be discussed below, we have used this approach to uncover an efferent circuit that likely drives energy expenditure (arcuate RIP-Cre GABAergic neurons / PVH neurons / NTS neurons).
Paraventricular Nucleus and Regulation of Energy Expenditure
Local application of GABA A receptor antagonist to the PVH decreases sympathetic outflow and BAT-mediated energy expenditure, suggesting that GABAergic input to the PVH drives energy expenditure (Madden and Morrison, 2009) Figures 6E and 7B ). We used ChR2-assisted circuit mapping to test the aforementioned assertion that RIP-Cre neurons provide important synaptic GABAergic input to PVH neurons. Connectivity, however, was observed for only a small subset ($15%) of randomly selected PVH neurons. This low rate of connectivity is related to complexity of the PVH, which contains numerous cell types each with unique function (Biag et al., 2012; Simmons and Swanson, 2009 ). These include (1) neuroendocrine neurons that secrete oxytocin, vasopressin, or thyrotropin-or corticotropin-releasing hormone; (2) nonneuroendocrine neurons that regulate feeding behavior via presently ill-defined pathways (Gold et al., 1977; Leibowitz, 1978) ; and finally, (3) nonneuroendocrine neurons that regulate either sympathetic or parasympathetic outflow (Geerling et al., 2010; Swanson and Sawchenko, 1983) . Because sympathetic outflow is the primary driver of brown adipose function and energy expenditure (Bachman et al., 2002; Bartness et al., 2010) , the energy expenditurepromoting action of RIP-Cre neurons is likely mediated by a minor subset of nonneuroendocrine neurons, specifically those that control sympathetic tone.
Role of NTS-Projecting PVH Neurons
For reasons mentioned below, neurons in the NTS, and therefore the subset of PVH neurons projecting to the NTS, are strong candidates for mediating RIP-Cre neuron-driven energy expenditure. NTS neurons (1) receive dense input from the PVH; (2) are known to control sympathetic outflow (Andresen and Kunze, 1994; Guyenet, 2006) ; (3) are labeled by the transneuronal retrograde tract tracer, pseudorabies virus, following its injection into BAT (Bamshad et al., 1999; Cano et al., 2003; Oldfield et al., 2002) ; and (4) have recently been shown to regulate BAT function (Cao et al., 2010) . To test if NTS-projecting PVH neurons are indeed a major target of GABAergic RIP-Cre neurons, we injected retrogradely transported fluorescent beads into the NTS (and, due to its close proximity, the nearby DMV) and performed ChR2-assisted circuit mapping. Of great interest, most NTS-projecting neurons receive synaptic GABAergic input from RIP-Cre neurons as assessed by lightevoked IPSCs in bead-positive PVH neurons ( Figure 7C ). In striking contrast, most other PVN neurons, i.e., those not projecting to the NTS, do not receive GABAergic input from RIP-Cre neurons ( Figure 7D ). Thus, NTS-projecting PVH neurons are the major target of energy expenditure-regulating arcuate GABAergic RIP-Cre neurons.
AgRP neurons, unlike RIP-Cre neurons, are not synaptically connected to NTS-projecting PVH neurons ( Figure 7G ). This distinction is remarkable because, like RIP-Cre neurons, AgRP neurons are located in the arcuate, are GABAergic, and send very dense projections to the PVH. However, in sharp contrast with RIP-Cre neurons, AgRP neurons have qualitatively different functions-they inhibit, as opposed to stimulate, energy expenditure (Krashes et al., 2011; Tong et al., 2008) , and in addition, they also stimulate food intake (Aponte et al., 2011; Krashes et al., 2011) . These different functions must be explained by differences in efferent circuitry. Consistent with this, the present study clearly demonstrates that such differences can robustly be resolved at the level of the PVH; RIP-Cre neurons are synaptically connected with NTS-projecting PVH neurons, whereas AgRP neurons are not. These results suggest a means for deconvoluting complex circuitry that traverses the PVH. By using PVH-projecting neurons of defined function as the entry point, in this case AgRP versus RIP-Cre neurons, and by performing ChR2-assisted circuit mapping to identify PVH neurons that are synaptically downstream, in conjunction with retrograde tracers that subdivide PVH neurons based upon differential sites of projection, it is possible to ascribe function and to determine wiring diagrams of circuits that span three synaptically coupled sites.
Circuitry Linking NTS Neurons with BAT
The RPa is a sympathetic preautonomic area that when activated potently stimulates BAT activity (Morrison and Nakamura, 2011) . Indeed, the RPa / sympathetic preganglionic / postganglionic neuron / BAT circuit likely constitutes the final common pathway by which the brain controls BAT activity. With this in mind, our observation that most GABAergic input to RPa neurons comes from the NTS is of interest and suggests the following pathway: arcuate RIP-Cre GABAergic neurons / PVH neurons / NTS GABAergic neurons / RPa neurons / / / BAT activity. The inclusion of a second GABAergic neuron in this circuit, namely the NTS GABAergic neuron, allows for stimulation (disinhibition) of BAT activity by RIP-Cre GABAergic neurons. Future studies will be required to critically test the functionality, with respect to control of BAT activity, of the aforementioned pathway. In total, the circuitry uncovered in this study provides a framework for understanding homeostatic regulation of BAT activity and energy expenditure.
EXPERIMENTAL PROCEDURES Mice
All animal care and experimental procedures were approved by the Beth Israel Deaconess Medical Center Institutional Animal Care and Use Committee. Rip-Cre transgenic mice (Postic et al., 1999) were obtained from The Jackson Laboratory (#003573). lox-Vgat mice were generated previously (Tong et al., 2008) . Chow (Teklad F6 Rodent Diet 8664) or HFDs (Research Diets; D12331) were used.
Metabolic Studies
Food intake, body weight, fat mass, and locomotor activity was measured as described by Dhillon et al. (2006) . Oxygen consumption was measured with indirect calorimetry (Columbus Instruments). iBAT temperature was measured as described by Enriori et al. (2011) with remote biotelemetry (IPTT-300; Bio Medic Data Systems).
Leptin Treatment Studies
Leptin's effects on body weight and food intake were measured as reported by Banno et al. (2010) . Leptin's effects on iBAT temperature were assessed as reported by Enriori et al. (2011) in animals implanted with biotelemetry probes (as above). Leptin-induced STAT3 phosphorylation was assessed in Rip-Cre, lox-GFP mice using methods previously described (Vong et al., 2011) .
Pharmacogenetic Studies AAV 8 -Flex-hM3Dq-mCherry virus (Krashes et al., 2011) was stereotaxically injected into the arcuate of 5-to 6-week-old mice (for oxygen consumption and iBAT temperature studies) or 3-to 4-week-old Rip-Cre, lox-GFP mice (for electrophysiological studies). Two to three weeks following viral injection, electrophysiological responses of mCherry-expressing neurons to 5 mM CNO or thermogenic responses of animals to 0.3 mg/kg CNO (i.p.) were tested. See also Extended Experimental Procedures.
ChR2-Assisted Circuitry Mapping AAV 8 -Flex-ChR2(H134R)-mCherry virus was stereotaxically injected into sites of interest of 3-to 4-week-old mice (Atasoy et al., 2008; Zhang et al., 2007) . Two to three weeks after viral injection, light-stimulated firing responses or IPSCs were tested by whole-cell recordings. For retrograde bead-related studies, red or green beads (Lumafluor) were stereotaxically injected 5 days prior to electrophysiological studies. See also Extended Experimental Procedures.
Statistics
Statistics were performed with GraphPad Prism software.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, seven figures, and two tables and can be found with this article online at http://dx.doi. org/10.1016/j.cell.2012.09.020
